Carnocyclin A (CCLA) is an antimicrobial peptide produced by Carnobacterium maltaromaticum ATCC PTA-5313, which can be used to control the growth of Listeria monocytogenes in ready-to-eat meat products. The aim of this research was to elucidate the cellular responses of L. monocytogenes 08-5923 exposed to a sublethal dose of CCLA. Microarray, quantitative reverse transcription-PCR, tandem mass spectrometry, and electron microscopy were used to investigate the alteration in gene expression, protein production, and morphological changes in cells of Listeria following treatment with CCLA. The genes involved in metabolism (baiE, trn, and pykA), cell wall synthesis (murZ and dacB2), and cell division (clpE and divIVA) were upregulated following a 15-min exposure to CCLA as a result of stress responses. Genes involved in cell division, cell wall synthesis, flagellar synthesis, and metabolism were downregulated after 4 h as a result of adaptation. Analysis of total soluble proteins confirmed the downregulation of pykA and gnd after 4 h of exposure to CCLA. The absence of flagella was observed in L. monocytogenes following 30 h of exposure to CCLA. A sublethal dose of CCLA induced adaptation in L. monocytogenes 08-5923 by inhibition of expression of genes and proteins critical for synthesis of cell wall structures and maintaining metabolic functions. Both the mannose-and cellobiose-specific phosphotransferase systems could be targets for CCLA.
L
isteria monocytogenes has been responsible for numerous foodborne illness outbreaks as a result of consumption of contaminated ready-to-eat (RTE) meat products (1) . A listeriosis outbreak from a single manufacturer in Canada in 2008 resulted in 22 deaths and 57 confirmed positive cases (http://www.phac-aspc.gc .ca/lab-bio/res/psds-ftss/listeria-monocytogenes-eng.php).
To control the growth of L. monocytogenes, bacteriocin-containing antimicrobials such as Micocin (Griffith Laboratories, Canada) can be used in RTE meat products. One active compound in Micocin, carnocyclin A (CCLA), is a 5.9-kDa cyclic, class IIc bacteriocin (2) that has strong antilisterial activity. CCLA forms ion channels in the membrane and results in dissipation of membrane potential, which leads to cell death (3) . Neither the stress response of Listeria to CCLA nor the development of resistance in Listeria have been elucidated. Previous research focused on class IIa bacteriocins, which cause cell surface alterations in Listeria (4) and, in particular, result in cell lysis by targeting the mannose-specific phosphotransferase (PTS) system (5, 6) . The disruption of the mannose-specific PTS system plays a role in bacteriocin resistance (7, 8) . Alternative sigma factors, such as B (sigB) (9) (10) (11) and 54 (rpoN) (12) , are also involved in resistance to class IIa bacteriocins. These alternative sigma factors are also involved in other environmental stresses, such as cold shock, acid, and osmotolerance in Listeria (13, 14) .
It has been postulated that CCLA can trigger alteration in the expression levels of genes that are also regulated by B / 54 . The differential expression of genes and proteins and the morphology of L. monocytogenes 08-5923, one of the two strains that were involved in the 2008 listeriosis outbreak in Canada (GenBank accession number NC_013768) (15) , in the presence and absence of CCLA was analyzed.
MATERIALS AND METHODS
Bacterial strains and cultures. L. monocytogenes 08-5923 was grown in tryptic soy broth (TSB; Becton, Dickinson, Ontario, Canada) at 21°C for 24 h prior to use. Carnobacterium maltaromaticum ATCC PTA-5313 (formerly Carnobacterium maltaromaticum UAL307) was grown in all-purpose Tween (APT; BD-Canada) broth at 21°C.
CCLA isolation and purification. CCLA was isolated from an overnight culture of C. maltaromaticum ATCC PTA-5313 grown at 21°C and purified according to previous methods (2) .
RNA isolation. Twenty-five ml of log-phase L. monocytogenes 08-5923 (optical density at 600 nm [OD 600 ] of 0.2) was grown in TSB or in TSB with 7 g/ml CCLA (1/10 the MIC on L. monocytogenes 08-5923) for 4 h at 21°C (final OD 600 , 0.5) to obtain cells that were at the mid-log phase of growth. RNAprotect bacterial reagent (Qiagen Inc., Ontario, Canada) was added to the cell culture according to the manufacturer's instructions. Total RNA was isolated using the RNeasy minikit (Qiagen Inc.) and treated with DNase I (New England BioLabs Ltd., Ontario, Canada) on column according to the manufacturers' protocol. RNA quantity was measured using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Ontario, Canada), and the samples were stored at Ϫ80°C. RNA quality and quantity were assessed on an Agilent 2100 bioanalyzer (Agilent Technologies Inc., Ontario, Canada) using an Agilent Nano 6000 assay, and an RNA with an integrity number (RIN) of Ͼ7.0 was used for subsequent microarray experiments. For quantitative reverse transcriptase real-time PCR (qRT-PCR), total RNA was isolated as described above from cells in lag phase (15 min), mid-log phase (4 h), and early stationary phase (30 h).
Gene expression microarrays and data analysis. The L. monocytogenes EGD-e 385 K gene expression microarray from Roche NimbleGen, including all of the 2,857 annotated open reading frames (ORFs) of the genome, was used. The cDNA was synthesized from RNA extracted from three independent biological repetitions (SOP#M007 and SOP#M008; J. Craig Venter Institute [http://pfgrc.jcvi.org/index.php/microarray /protocols]) and labeled with Cy3 monoreactive dye (GE Healthcare Life Sciences, Ontario, Canada). Hybridization of the labeled cDNA probes using the NimbleGen hybridization station and washing were carried out according to the NimbleGen protocol. Microarray raw data were preprocessed and normalized by NimbleScan (version 2.6; Roche NimbleGen).
GeneSifter software (trial version; Geospiza, Inc.) (16) was used for the analysis of normalized results. The statistical analyses were the averages from three independent samples (CCLA-treated L. monocytogenes 08-5923 versus untreated) with the cutoff being a 2-fold change in expression level and P values of Ͻ0.05 to determine differentially expressed (DE) genes. Genes that showed 2-fold or greater changes in expression levels were selected for subsequent qRT-PCR.
Total cytosoluble protein identification. L. monocytogenes 08-5923 was grown in TSB or in TSB with CCLA at 21°C for 4 h. Cells were pelleted by centrifugation at 10,600 ϫ g for 1 min and washed once with 1ϫ SigmaFAST protease inhibitor cocktail tablet (Sigma-Aldrich Ltd., Ontario, Canada) reconstituted in double-distilled water (ddH 2 O). Cell pellets were resuspended in the fresh cocktail, mixed 1:1 (vol/vol) with 0.1-mm Zirconia-silica beads (BioSpec Inc., OK), and lysed by bead beating for 45 s a total of 3 times. The cell envelope was removed by centrifugation at 10,600 ϫ g for 2 min. The concentration of the total soluble protein was determined by Bio-Rad protein assay by following the manufacturer's instructions (Bio-Rad Laboratories Ltd., Ontario, Canada).
The total soluble proteins were separated by SDS-PAGE with 16% polyacrylamide (17) . Five g of proteins from the untreated and treated Listeria samples were loaded onto each lane and subjected to electrophoresis at 130 V for 80 min. The gel was fixed (45 min in a solution containing 50% methanol and 10% acetic acid), and protein bands were visualized by EZBlue gel staining (Sigma-Aldrich Ltd.). The density of protein bands was measured by AlphaEase FluorChem densitometry (Alpha Innotech; Fisher Scientific) to identify differentially expressed proteins.
The differentially expressed proteins in treated and untreated L. monocytogenes 08-5923 samples were analyzed by the Mass Spectrometry Facility, Department of Chemistry, University of Alberta. Protein bands that were differentially expressed were excised from the SDS-PAGE gel, digested in gel by trypsin (Sigma-Aldrich Ltd.), and analyzed by ultraperformance liquid chromatography coupled to a quadrupole time-of-flight mass spectrometer (UPLC-ESI-Q-TOF-MS) (Q-TOF Premier; Waters, MA). Proteins were identified from mass spectrometry data using the Mascot search engine (Matrix Science).
qRT-PCR and data analysis. qRT-PCR experiments were performed to validate the differential expression of genes at different times of exposure to CCLA. The experimental design included three biological replicates and two technical replicates within each biological replicate. Genes that were Ն2-fold up-or downregulated (P Ͻ 0.05) from the microarray experiments, as well as genes encoding the differentially expressed proteins, were quantified using SYBR green (Invitrogen, Ontario, Canada). Primers (Tables 1 and 2) were designed (using Primer3 [http://frodo.wi .mit.edu/primer3/]) and tested for specificity with genomic DNA prior to the analysis. Total RNA was isolated and reverse transcribed into cDNA using SuperScript III reverse transcriptase (Promega, WI) according to the manufacturer's protocol. Quantifications of the transcripts were carried out (7500 Fast real-time PCR system; Applied Biosystems, CA) using a QuantiFast SYBR green PCR kit (Qiagen Inc.). Relative quantification values were obtained using a comparative threshold cycle method (⌬⌬C T ) (18) . The housekeeping gene rpoB was selected as the reference. The C T slope method was used to validate the internal control (rpoB). rpoB was amplified from 10-fold serial dilutions of genomic DNA prepared from L. monocytogenes. The C T slope was linear, and the qRT-PCR efficiency of rpoB was 100.9%. A onetailed unpaired t test was performed for determination of the significance (P Ͻ 0.05) in differential expression of genes.
Cell morphology examination. Culture of L. monocytogenes 08-5923 was fixed with 10% (vol/vol) formaldehyde and pelleted by centrifugation at 11,000 ϫ g for 15 s. The cell pellet was resuspended in 0.1 M phosphate buffer containing 2.5% glutaraldehyde and 2% paraformaldehyde, Microarray data accession number. The complete microarray data set generated in this study is deposited for public access in the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE56558.
RESULTS
Functional classification of DE genes. cDNA microarray experiments were performed to compare the expression levels of genes in untreated and treated (CCLA for 4 h) L. monocytogenes. Global differential gene expression changes in response to CCLA were determined using a high-density NimbleGen microarray for L. monocytogenes of 2,857 genes. Forty genes were found to be differentially expressed with a minimum threshold of a 2-fold difference (P Ͻ 0.05) ( Table 3 ). These genes were grouped into several functional categories, including cell division, cell wall synthesis, motility, transport, and translation (Table 3) . Differential expression of total soluble proteins. To gain further insight, the protein expression patterns of whole-cell lysate from L. monocytogenes with and without exposure to CCLA (4 h) were compared using SDS-PAGE. Out of 11 protein bands that were visibly different in density (Fig. 1) between the lysate from the CCLA-treated and untreated cells, there were 14 proteins identified by UPLC-ESI-Q-TOF-MS. The proteins were involved in glycolysis (PykA), pyruvate metabolism (AdhE and PflA), stress response (Csp protein), DNA replication (Hup), translation (Rps and Rpl proteins), and purine/pyrimidine biosynthesis (PnpA) ( Table 4 ). The downregulation of PykA in treated L. monocytogenes confirmed the observed downregulation of the gene encoding this protein as shown in Fig. 2G .
Confirmation of DE genes in L. monocytogenes. To validate results from microarray experiments and to investigate the gene expression changes over time, a total of 54 genes (40 DE genes from microarray experiments and 14 DE genes from SDS-PAGE) (Fig. 2) were selected for qRT-PCR, and gene expression levels were quantified following treatment with CCLA after 15 min (lag phase), 4 h (log phase), and 30 h (early stationary phase). For a number of the genes, expression was significantly (P Ͻ 0.05) upregulated after 15 min of exposure to CCLA and downregulated after 4 h and 30 h.
The upregulation of genes encoding proteins involved in metabolism and membrane functions was observed upon 15 min of exposure to a sublethal dose of CCLA. Genes encoding proteins involved in metabolism, including bile acid 7-alpha dehydratase (BaiE), thioredoxin (Trn), and pyruvate kinase (PykA), were significantly upregulated (P Ͻ 0.05). The genes involved in cell wall synthesis (murZ and dacB2) were upregulated (P Ͻ 0.05). Genes involved in cell division, including clpE and divIVA, were upregulated, while malP was downregulated in cells exposed to CCLA for 15 min. After 4 h of exposure to CCLA, genes involved in cell division (clpE, ftsW, divIVA, rodA, ftsX, and ftsE), cell wall synthesis (mbl, murE, and murZ), flagellar synthesis (flgD, motB, and cheA), and metabolism (pykA and gnd) were significantly downregulated. Upregulation of lmo2311, which is regulated by 54 (19) , was observed. After the cells were exposed to CCLA for 30 h, more genes were downregulated compared to those after 4 h of exposure. These genes were involved in cell division, cell wall synthesis, membrane function, transcription regulation, metabolism, (Fig. 2) . Both the mannose-specific PTS genes (mpt genes) and the cellobiose-specific PTS genes, such as celA, celB, and celC, were downregulated (P Ͻ 0.05).
Cell morphology. The morphologies of untreated and treated (CCLA for 4 h or 30 h) L. monocytogenes 08-5923 samples were compared using TEM to examine whether exposure to CCLA could result in visible damage to the cell structure. No morphological changes were observed after 4 h of treatment of L. monocytogenes 08-5923 with CCLA (Fig. 3) . However, after 30 h the cells had no flagella attached to the cell surface (Fig. 3) . This corresponds to the downregulation of motility genes observed previously.
DISCUSSION
Commercial preservatives that are used to control the growth of L. monocytogenes in RTE meats include Micocin, which contains carnocyclin A along with two class IIa bacteriocins, carnocyclin BM1 and piscicolin 126. Although the stress responses of L. monocytogenes to class IIa bacteriocins have been characterized, the response to class IIc cyclic bacteriocins has not been studied to date. Our study described the cellular alteration and adaptation of L. monocytogenes when exposed to a sublethal dose of a class IIc bacteriocin, which provides insight into the general stress response and resistance mechanisms to bacteriocins.
Treatment of L. monocytogenes 08-5923 with CCLA resulted in differential expression of genes that are known to be involved in cell division, cell wall synthesis, membrane function, transcriptional regulation, nucleotide and protein synthesis, metabolism, and cell motility. The PTS function, cell wall synthesis, motility, and cell division genes were affected the most. The downregulation of these genes was not because of inhibition of cell growth, as at each time point the OD 600 values of treated and untreated cells were comparable. No filamentation of cells was observed. This indicates that the downregulation of these genes was due to the adaptation to CCLA. The upregulation of 54 -regulated mptAB and cel detected by cDNA microarray after 4 h of exposure to CCLA indicates an immediate adaptive response of Listeria cells, as the mannosespecific (7) and cellobiose-specific PTS systems are receptors for bacteriocins (20) , and the upregulation of mannose-specific PTS systems has been observed in bacteriocin-sensitive cells (21, 22) . Gong et al. (3) demonstrated that CCLA forms ion-selective channels in lipid bilayers, which indicates that CCLA interaction with membranes is not receptor mediated. However, our microarray results suggested that both the mannose-specific and cellobiosespecific PTS systems are receptors for CCLA. The downregulation of the mannose-specific and cellobiose-specific PTS systems observed by qRT-PCR analysis after 30 h of exposure to CCLA demonstrates that Listeria limits the expression of genes to minimize the production of the PTS targets to CCLA. This downregulation of the PTS targets could play a role in adaptation to CCLA, as these targets have been suggested to play a role in resistance to class II bacteriocins (6, 23, 24) .
The expression of genes involved in cell wall synthesis (mur) followed the same pattern as that of the PTS systems after 30 h of exposure to CCLA. Although the function of Mur proteins in the antimicrobial stress response of Listeria has not been described in the literature, Mur is the target of antibiotics in Staphylococcus aureus (25) .
Absence of flagella in Listeria cells exposed to CCLA for 30 h could be a result of inhibition of flagellar synthesis, because the basal body of the flagella may not develop properly as genes encoding various components of flagella, including the MS ring (fliF), motor switch (fliM), motor rotation (motB), and rod synthesis (flgD), were downregulated. In addition, cheA, a chemotaxis gene responsible for virulence (26) , was downregulated. Flagellar motility is also important for biofilm formation of L. monocytogenes (27) . Others have found that stress from antimicrobials can inhibit the synthesis of flagella in E. coli (28) , but the impact of bacteriocins on flagellar synthesis in L. monocytogenes has not been described in the literature. Lack of flagella can inhibit adhesion of Listeria (29) and may affect its ability to form biofilms.
The cell division gene ftsE was upregulated when L. monocytogenes was exposed to CCLA for 15 min. High pressure for 15 min also upregulates ftsE in Listeria (30) . After 4 h of exposure to CCLA, ftsE was downregulated, along with ftsX and ftsW. Gene ftsE in L. monocytogenes is regulated by B (31), which is a general stress response regulator. Various stresses, such as liquid smoke (32) , cold (33) , antibiotic (31, 34) , and heat (35) , also downregulate fts genes in Listeria. The up-or downregulation of fts genes may depend on the type of stress and time of exposure.
In summary, a sublethal dose of carnocyclin A targeted the PTS systems of Listeria and cells began to repair injury by upregulation of genes involved in cell wall synthesis. After 4 h, cells gradually became desensitized to CCLA and started to decrease activities such as cell division, cell wall synthesis, and motility. After 30 h, cells adapted to CCLA through a reduction of several metabolic processes and motility functions. Adaptation to bacteriocins could affect the sensitivity to antimicrobials that are used to control the growth of L. monocytogenes.
